Abstract: We argue that in order to account for the muon anomalous magnetic moment g − 2, dark matter and LHC data, non-universal gaugino masses M i at the high scale are required in the framework of the Minimal Supersymmetric Standard Model (MSSM). We also need a right-handed smuonμ R with a mass around 100 GeV, evading LHC searches due to the proximity of a neutralinoχ 0 1 several GeV lighter which allows successful dark matter. We discuss such a scenario in the framework of an SU (5) Grand Unified Theory (GUT) combined with A 4 family symmetry, where the three 5 representations form a single triplet of A 4 with a unified soft mass m F , while the three 10 representations are singlets of A 4 with independent soft masses m T 1 , m T 2 , m T 3 . Although m T 2 (and henceμ R ) may be light, the muon g − 2 and relic density also requires light M 1 250 GeV, which is incompatible with universal gaugino masses due to LHC constraints on M 2 and M 3 arising from gaugino searches. After showing that universal gaugino masses M 1/2 at the GUT scale are excluded by gluino searches, we provide a series of benchmarks which show that while M 1 = M 2 M 3 is also excluded by chargino searches, M 1 < M 2 M 3 is currently allowed. Even this scenario is almost excluded by the tension between the muon g − 2, relic density, Dark Matter direct detection and LHC data. The surviving parameter space is characterised by a higgsino mass µ ≈ −300 GeV, as required by the muon g − 2. The LHC will be able to fully test this scenario with the upgraded luminosity via muon-dominated triand di-lepton signatures resulting from higgsino dominatedχ 
Introduction
The Minimal Supersymmetric Standard Model (MSSM) remains an attractive candidate for physics beyond the Standard Model (BSM) even in the absence of any signal at the Large Hadron Collider (LHC). Despite the limits from direct and indirect searches for dark matter (DM), the lightest neutralino [1] , whose stability is enforced by R-parity, remains a prime candidate for the weakly interacting massive particle (WIMP).
There are several constraints from the LHC that restrict the parameter space of the MSSM, in particular the requirement of a 125 GeV Higgs boson and stringent limits on the gluino mass [2, 3] .
An interesting possible signature of BSM physics is the muon g − 2 or anomalous magnetic moment a µ = (g − 2) µ /2 which differs from its Standard Model (SM) prediction by amount [4] : ∆a µ ≡ a µ (exp) − a µ (SM) = (28.8 ± 8.0) × 10 −10 .
(1.1)
Although it is possible to account for the muon g − 2 within a supersymmetric framework , it is well known that it cannot be achieved in the MSSM with universal soft masses consistent with the above requirements, and therefore, some degree of non-universality is required. For example, non-universal gaugino masses have been shown to lead to an acceptable muon g − 2 [27, 39] . In the framework of Grand Unified Theories (GUTs) such as SU (5) and SO(10), non-universal gaugino masses at M GUT can arise from non-singlet F-terms, or a linear combination of such terms [40] [41] [42] [43] [44] [45] [46] [47] . The most general situation is when all the gaugino masses may be considered as effectively independent. Recently, an SU (5) model has been analysed with completely non-universal gaugino masses and two universal soft masses, namely m F and m T , which accommodate the 5 and 10 representations, respectively (with the two Higgs soft masses set equal to m F ) [48] . In such a framework it was shown that the muon g − 2 and dark matter may both be explained successfully.
In this paper, we argue that in order to account for the muon anomalous magnetic moment and dark matter in supersymmetry, non-universal gaugino masses are required. In particular, M 1,2 M 3 , even for non-universal scalar masses of the three families. In order to support this, we consider an SU (5) Grand Unified Theory (GUT) combined with an A 4 family symmetry, where the three 5 representations form a single triplet of A 4 with a unified soft mass m F , while the three 10 representations are singlets of A 4 with independent soft masses m T 1 , m T 2 , m T 3 . We show that, even with such family non-universality, it is not possible to account for the muon g − 2 with universal gaugino masses. Allowing nonuniversal gaugino masses with M 1,2 M 3 , we show that, with µ ≈ −300 GeV, it is possible to successfully explain both the muon anomalous magnetic moment and dark matter, while remaining consistent with all other experimental constraints. We present three benchmark points in our favoured region of parameter space involving a right-handed smuon mass around 100 GeV, which can decay into a bino-dominated neutralino plus a muon. The remaining neutralino masses are all below about 300 GeV, while the rest of the SUSY spectrum has multi-TeV masses.
The layout of the remainder of the paper is as follows. In section 2, we present the SU (5) × A 4 model and its symmetry breaking to the MSSM. In section 3, we summarise the MSSM one-loop contributions to ∆a µ and give first predictions for viable regions of parameter space of the model. All experimental constraints we take into account (both collider and cosmological constraints) are listed and explained in section 4. In section 5, we present scans of the model parameter space for universal and non-universal gaugino masses, which also helps clarifying the necessity of non-universal gaugino masses. Lastly, we draw our conclusions in section 6.
The Model
We first consider the gauge group SU (5), which is rank 4 and has 24 gauge bosons which transform as the 24 adjoint representation. A LH lepton and quark fermion family is neatly accommodated into the SU (5) representations F = 5 and T = 10, where
where r, b, g are quark colours and c denotes CP conjugated fermions.
The SU (5) gauge group may be broken to the SM by a Higgs multiplet in the 24 representation developing a VEV,
3) When A 4 family symmetry is combined with SU (5), it is quite common to unify the three families of5 ≡ F ≡ (d c , L) into a triplet of A 4 , with a unified soft mass m F , while the three 10 i ≡ T i ≡ (Q, u c , e c ) i representations are singlets of A 4 with independent soft masses m T 1 , m T 2 , m T 3 [49] [50] [51] [52] [53] . For simplicity, we will assume that at the GUT scale we have m F = m Hu = m H d , where m Hu and m H d are the mass parameters of the MSSM Higgs doublets.
In the considered SU (5) × A 4 model we then have the soft scalar masses:
Notice that the stop mass parameters are completely contained in m T 3 , while the righthanded smuon mass arises from m T 2 , and so on.
MSSM One-loop contributions to ∆a µ
The Feynman diagrams for the one-loop contributions to ∆a µ in the MSSM are shown in figure 1 with the respective expression for each diagram given by equations 3.1a -3.1e [15, 24] .
(E) Figure 1 : One-loop contributions to the anomalous magnetic moment of the muon for supersymmetric models with low-scale MSSM.
Here, α 1 and α 2 label the U (1) Y and SU (2) L fine structure constants respectively and the functions f
C (x, y) = xy
where we use the superscripts (A, B, C, D) and (E) as a short notation to allow omission of the mass ratio arguments. Both f N and f C are monotonically increasing for all 0 ≤ (x, y) < ∞ and are defined in 0 ≤ f N,C ≤ 1 [24] . One of the most important parameters influencing ∆a µ is µ, or rather sgn µ. Having positive µ means positive contributions from diagrams (A), (C) and (E), whereas negative µ results in (B) and (E) giving positive contributions to ∆a µ . Although it has been shown in the past that the constrained MSSM (cMSSM) with its usual five parameters (M 1/2 , m 0 , tan β, A 0 , sgn µ) is able to yield the observed ∆a µ , it cannot account simultaneously for further experimental limits (see e.g. [15, 24, 26] ), regardless of sgn µ but especially not for negative µ. Extending the cMSSM or relaxing some of its constraints changes the picture and new solutions without the need for fine tuning arise -all while being in conformity with all other low energy observations [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
In this work, we have found that only the negative µ solution survives. The reason why only negative µ survives is because in this case, we are able to have light right-handed smuons while the left-handed smuons remain rather heavy. This means that we are able to enhance the contribution from diagram (B) in which the right-handed smuons (but not the left-handed smuons) appear. As already mentioned, negative µ results in diagram (B) giving a positive contribution to ∆a µ and this is the main reason why we favour negative µ. In general, for negative µ, the contribution from diagrams (B) and (D) is enhanced, while all contributions from diagrams (A), (C) and (E) (see section 3) are simultaneously suppressed. Enhancing (B) and (D) requires small |µ| (not directly controllable), small M 1 and M 2 as well as light left-and right-handed smuon masses mμ L and mμ R (controlled by m F or m T 2 respectively). On the other hand, light mμ L would lead to unwanted large contributions from diagrams (A) and (C). This is one reason to not have light mμ L , but make them rather heavy. Another reason for heavy mμ L comes from the model parameter space itself. Since mμ L is governed by m F , which also controls the muon sneutrino mass mν µ L appearing in diagram (E), it is possible to decrease contributions from diagrams (A), (C) and (E) in one go by setting m F large.
In the next section we briefly summarise the experimental constraints, before discussing the full results in detail in section 5.
Experimental Constraints
While the underlying model is proposed for the high-energy sector, it should nevertheless comprise any low-energy observations and limits coming from various experiments. In particular, we take into account the Dark Matter relic density, Dark Matter direct detetion (DD) cross sections, the Higgs boson mass, constraints coming from Br(B S → µ + µ − ) as well as Br(b → sγ) and several 8 and 13 TeV ATLAS and CMS searches at the LHC. Regarding the DM relic density, the current combined best fit to data from PLANCK and WMAP is Ωh 2 = 0.1198 ± 0.0026 [54] and we consider a parameter space with Ωh 2 0.1224. The current best DM DD limit comes from the XENON1T experiment, reading σ DD-SI ≤ 7.64 × 10 −47 cm 2 = 7.64 × 10 −11 pb [55] for spin-independent models and a WIMP-mass of 36 GeV. Since WIMP masses smaller or larger than 36 GeV lead to weaker limits, this choice is conservative. Concerning the Higgs boson mass, the current combined ATLAS and CMS measurement is m h = (125.09 ± 0.21 (stat.) ± 0.11 (sys.)) GeV [56] . However, due to the theoretical error in the radiative corrections to the Higgs mass inherent in the existing state of the art SUSY spectrum generators, we consider instead the larger range m h = (125.09 ± 1.5) GeV, which encompasses the much larger theoretical uncertainties. The branching ratios Br(b → sγ) = (3.29 ± 0.19 ± 0.48) × 10 −4 [57] and Br(B s → µ + µ − )= 3.0 [58] are directly applied to our results.
Results
Following the strategy to enhance ∆a µ in section 3 and the experimental constraints in section 5, we are left with the following desired choice of parameters:
• m T 1 and m T 3 large for large squark masses,
• tan β large (affects all diagrams).
All other parameters are in principle unconstrained, but in practice will be constrained by experiment.
To gather the data for this work, we used SPheno v4.0.3 [59, 60] to generate the mass spectra based on input points chosen randomly as well as on fixed grids with variable grid spacing in the parameter space from tables 1 and 2 below. Subsequently, we employ micrOMEGAs v3.6.9.2 [61] to compute ∆a µ and the low-energy constraints listed in section 4. In the following two subsections, we present scans taking these considerations into account. Subsection 5.1 holds data and results regarding fully universal gaugino masses, commonly labelled as M 1/2 , whereas subsection 5.2 refers to the case of partially non-universal gaugino masses, labelled as M 1,2 and M 3 , and subsection 5.3 refers to the case of fully non-universal gaugino masses labelled M 1 , M 2 and M 3 . 
Universal Gaugino Masses
The scan with universal gaugino masses M 1/2 was performed with
and all other parameters fixed with values as shown in table 1. An overview over the
Value 6000 7000 300 free free -6000 6000 30 -1 Table 1 : Input parameters at the GUT scale in GeV (apart for tan β and sgn µ) for universal gaugino masses M 1/2 . scanned m T 3 -M 1/2 plane is shown in figure 2 , where the colour coding indicates the value of ∆a µ . The first thing to notice is that only a narrow stripe in the parameter space leads to radiative electroweak symmetry breaking (REWSB). Following the stripe to larger m T 3 and smaller M 1/2 gives larger ∆a µ , before the stripe eventually ends in a narrow peak around (m T 3 , M 3 ) = (5.3, 1.3) TeV. However, even in the peak ∆a µ only reaches values up to 1.8 × 10 −10 , which is about 10-20 times lower than observed. Before giving an explanation for why ∆a µ is so small even with the assumptions made before, let us investigate the relic density and µ behaviour shown in figure 3. Regarding the relic density shown in the left panel of figure 3 , it turns out that DM is mostly higgsino-like, thus yielding relic densities in the right range or maximally two orders of magnitude smaller than the observed upper limit. With increasing ∆a µ , the relic density slightly converges to some central value between its minimum and maximum reach. While the relic density thus is not a problem with this setup, the predicted DM DD cross sections turn out to be fully excluded (see colour-coding). This can be readily understood since dark matter in this case is dominantly higgsino-like and therefore has a significant coupling to the Higgs boson, leading to a large DM DD cross-section.
The right panel of figure 3 shows ∆a µ as a function of µ and it turns out that smaller values of µ yield larger values of ∆a µ , as was expected (see section 3 and the beginning of this section 5). It is also worth noticing that decreasing µ results in a decreased relic density due to the DM becoming more and more higgsino-like, as indicated by the colour-coded Ωh 2 .
In summary, the case of universal M 1/2 at the GUT scale with negative µ does not yield any values of ∆a µ in or close to the 1σ reference bound. This is expected and can be reasoned by the following argument. With negative µ, only equations 3.1b and 3.1d give positive contributions to ∆a µ , while the major differences between (3.1b) and (3.1d) are simply the exchange of M 1 and M 2 as well as mμ R and mμ L . Since the loop functions only run from 0 to 1, they are irrelevant for our argument and we can conservatively assume for the moment that they both equal 1 and consider just the remaining prefactors. With M 1 and M 2 unified at the GUT scale, their low scale values will not be much different either and allow us to focus solely on one of the two equations, e.g. (3.1b). To get suitable ∆a µ , M 1 as well as µ need to be small (O(200) GeV). However, having M 1 that light will result in a similar light M 3 leading to light gluinos with masses mg 1 TeV [18] . These are already excluded by LHC searches [2, 3] and hence lead to a contradiction. Additionally, too light M 1/2 will prevent REWSB from happening, as can be seen in figure 2.
Overall, in case of unified gaugino masses M 1/2 , we did not find a region in parameter space able to explain ∆a µ in harmony with the other experimental constraints considered. However, a possible solution arises when the gaugino masses are split into M 1,2 and M 3 , allowing for heavy gluinos and light enough M 1,2 to yield the correct ∆a µ . This setup is studied in detail in the following section 5.2. 
Partially Non-Universal Gaugino Masses
Splitting M 1/2 into M 1,2 and M 3 allows us to keep M 3 heavy, while fixing M 1,2 to some value light enough to strengthen rather than weaken ∆a µ . We performed a scan taking this into account with 
Value 6000 7000 300 free 250 free -5000 6000 30 -1 Table 2 : Input parameters at the GUT scale in GeV for non-universal gaugino masses M 1,2 and M 3 .
we show the scanned over m T 3 -M 3 plane in figure 4 . Similar to the case of universal gaugino masses, a narrow, slightly elliptic stripe of solutions with larger ∆a µ can be seen for M 3 3.8 TeV and m T 3 4.5 TeV. Additionally, a wide band around this stripe holds points where REWSB is happening, but ∆a µ is close to zero. A second set of points with vanishingly small ∆a µ is found for M 3 3 TeV and m T 3 6.5 TeV (not shown here). When zooming in on the interesting part of the scan with larger values of ∆a µ (see right panel of figure 4 ), we notice that the stripe extends into the nonphysical region without REWSB, although the points here are excluded by LEP limits due to too light charginos or smuons. Just before hitting the unphysical region, ∆a µ peaks at values around 4 × 10 −9 before eventually vanishing abruptly in the non-REWSB region. Comparing these first results to the case with universal gaugino masses, the large increase in ∆a µ immediately becomes visible, therefore validating our assumptions made earlier. In figure 5 , we show the relic density-∆a µ plane with colour-coded DM direct detection cross sections, analogue to figure 3, left. This time, however, dark matter is mainly binolike and σ DD-SI is smaller than in figure 3 and increases faster with increasing ∆a µ . In the right panel of figure 5 , a zoomed excerpt without logarithmic scaling 1 of σ DD-SI shows that most of the 1σ reference bounds for ∆a µ and Ωh 2 is excluded by DM direct detection, only leaving a small range of solutions for the lower edge of the ∆a µ 1σ bound. Nevertheless, in comparison to universal gaugino masses, there are solutions for non-universal gaugino masses that satisfy all experimental limits.
Similar to figure 5, figure 6 holds the same data but with Ωh 2 and σ DD-SI switched. Presenting the data this way allows for a better understanding of the excluded and allowed parameter space with respect to σ DD-SI . As can be seen in figure 6 , right, only a small fraction of points falls within the 1σ reference bounds of ∆a µ and σ DD-SI (grey rectangle), although the majority of these points provides a very good relic density.
In figure 7 , the µ dependence of ∆a µ is shown and it turns out that µ needs to be between −300 GeV and −100 GeV in order to yield the desired ∆a µ . When µ goes closer to 0, the higgsino components of the LSP start to dominate while simultaneously, the mass of the lightest chargino falls below approximately 100 GeV. Such light charginos are excluded by LEP [62] , thus limiting our parameter space to values of µ smaller than −100 GeV.
In figure 8 , we show the mμ R -mχ0 1 plane with colour-coded relic density. As can be seen in the right panel, the pink benchmark point sits well above the line where the right-handed smuon and LSP are mass-degenerate. For this benchmark point, the LSP is predominantly bino-like, but with a non-zero higgsino component. This allows for a significant amount of χ 0 1 -χ 0 1 annihilation in addition to the dominantμ R -χ 0 1 co-annihilation cross-section leading to the correct relic density. In figure 9 , we show the Higgs mass m h as a function of ∆a µ with colour-coded Ωh 2 (left) and σ DD-SI (right). For small values of ∆a µ , a broad range of Higgs masses is accessible with REWSB. This range shrinks drastically with increasing ∆a µ and eventually peaks at m h = 126.5 GeV for ∆a µ ≈ 4 × 10 −9 . The relic density generally decreases with increasing ∆a µ , while the DM DD cross sections increase, as discussed before.
Lastly, in figure 10 in the right panel we show a comparison between ∆a µ as a function of M 3 (Q) (lower horizontal axis) and mg (top horizontal axis) for both universal (purple diamonds) and non-universal (orange squares) gaugino masses. It is clearly visible that universal gaugino masses canot lead to viable ∆a µ and -even if there were a way to increase ∆a µ further -the gluinos would become quite light, potentially violating existing collider constraints. In case of non-universal gaugino masses, the ∆a µ spectrum with respect to M 3 is slightly squeezed, but approximately one order of magnitude larger. This leads to a large spectrum of points with ∆a µ in the correct range while simultaneously keeping the gluinos fairly heavy. Overall, having non-universal gaugino masses allows for a variety of points with viable ∆a µ , which then can be tested further against other experimental constraints, as was shown above. Based on these findings, we provide three qualitatively different benchmark points, summarised in table 3 below. BP2 differs from BP1 mainly in having tan β = 28 and A tri = 0, whereas BP3 has a non-vanishing negative A tri and split m F and m T 1 .
The benchmark points in this region are characterised by: a) bino dominatedχ 0 1 LSP being the Dark Matter particle with a mass below about 100 GeV; b) a next-to-lightest right-handed smuonμ R with mass several GeV heavier; c) wino dominatedχ 0 2 andχ with masses below 400 GeV; f) all other SUSY partners having multi-TeV masses.
Such a specific spectrum of light electroweak gauginos and right-handed smuons predicts a rather characteristic signal at the LHC. The signal comes dominantly fromχ ± 1χ 0 2 andχ + 1χ − 1 -pair production followed by the dominantχ 0 2 decay into a smuon which -in its turn -decays into a muon and DM. On the other hand, due to the non-negligiblẽ µ R -μ L mixing mentioned above, the branching ratio forχ ± →μ ± R ν µ becomes comparable to the 3-body decayχ
can be substantial ( 30-50%) because of the significant higgsino component. The signal strength mμ± strongly depends on theμ R -χ 0 1 mass gap and can be quite hidden if this mass gap is small (below a few GeV) since in this case the smuon decay products will be soft. Theχ 0 2 decay is characterised by the dominantχ 0 2 →μ R ν µ decay with not-so-soft leptons (energy of which is independent ofμ R -χ 0 1 mass gap) providing a very important contribution to the leptonic signature. Thus, the only signature from the scenario under study is very specific and characterised by muon-dominated di-and tri-lepton signatures at the LHC.
We have performed a CheckMATE 2.0.11 [63] analysis on these three benchmark points, including all implemented 8 and 13 TeV ATLAS and CMS analyses on chargino and neutralino searches with a light smuon and have verified that the LHC in fact is highly sensitive to this part of the parameter space. In particular, we used MadGraph 5.2.3.3 [64] linked to CheckMATE to generate 50000 events for SUSY final states consisting ofμ ± R ,χ 0 1 ,χ 0 2 as well asχ ± 1 . Next, PYTHIA 8.2.30 [65] was used to shower and hadronise the events and eventually CheckMATE together with Delphes 3.3.3 [66] was used to perform the event and detector analysis. While setting the same cuts as were used for the experimental analyses, the CheckMATE framework therefore allows us to examine whether given points in the parameter space are allowed or ruled out by current experimental searches. For all three benchmarks, the ATLAS search ATLAS 1402 7029 [67] aimed at three leptons plus missing E T was most sensitive. The r max value defined by [63] 
where S is the number of predicted signal events with its uncertainty ∆S and S95 is the experimental 95 % upper limit on the number of signal events, is shown below in table 4 for all three benchmarks. Values of r max ≥ 1 indicate the signal is excluded, whereas r max < 1 indicates that the signal is not excluded or probed yet. 
It turns out that all benchmarks are strongly excluded, which is mainly due to the lightχ ± 1 andχ 0 2 and their subsequent decays to the right-handed smuon. A summary of the most powerfully excluding LHC searches for BP1 -BP3 is given in table 4, where we present the r max value from CheckMATE together with properties of the principal decay channels forχ ± 1 andχ 0 2 . The most sensitive search is actually done by ATLAS for the 8 TeV data ATLAS 1402 7029 [67] and the most sensitive signature is the tri-lepton one, containing always one soft muon from theμ R →χ 0 1 µ decay. Even though this muon is soft, the well designed asymmetric p T cuts for the leptons in Ref. [67] allow for being sensitive to a second or third lepton with p T as low as 10 GeV. To the best of our knowledge, analogue 13 TeV searches are not sensitive to such low p T leptons.
Fully Non-Universal Gaugino Masses
So far, in the previous subsections we have shown that our scenario for the muon g − 2 requires a light right-handed smuon around 100 GeV together with a neutralino several GeV lighter leading to successful dark matter. We have seen that such a scenario is not consistent with universal gauginos at the GUT scale due to the gluino mass bound, which requires M 1,2 M 3 . We have also seen that this scenario is not consistent with M 1 = M 2 due to the subsequent prediction of wino dominated charginos and neutralinos with masses around 160-170 GeV, which are excluded by 8 TeV LHC searches that are most sensitive for the resulting soft muons arising from smuon decays.
Here we shall show that, allowing fully non-universal gaugino masses with M 1 < M 2 M 3 , gives charginos and neutralinos which are somewhat heavier, thereby satisfying current LHC search constraints. With such full non-universality, we may then access regions of parameter space where M 2 exceeds the magnitude of the higgsino mass parameter (typically µ ∼ −300 GeV as required to achieve a successful muon g − 2). Then, the charginos and neutralinos become higgsino dominated with masses governed by |µ| ∼ 300 GeV. The full scans of the parameter space are quite analogous to those in the previous subsection, with the only difference being that M 2 is somewhat heavier than M 1 . Therefore it suffices to present a few new benchmark points to illustrate the effect of having M 1 < M 2 M 3 . In table 5, we define three new benchmark points BP4, BP5 and BP6, corresponding to having M 1 < M 2 M 3 . The benchmark points in this region are characterised by: a) bino dominatedχ 0 1 LSP being the Dark Matter particle with a mass below about 100 GeV; b) a next-to-lightest right-handed smuonμ R with a mass several GeV heavier; c) higgsino dominatedχ 0 2 andχ ± 1 with masses governed by |µ| ∼ 300 GeV; d) wino dominatedχ 0 3 and χ ± 2 with masses governed by M 2 ; e) all other SUSY partners having multi-TeV masses.
The main difference from the previous benchmarks is that the wino dominated charginos and neutralinos are now pushed up in mass due to the increase in M 2 . However, the remaining higgsino dominated charginos and neutralinos whose mass is governed by |µ| cannot be pushed up beyond 300 GeV, since we need µ ∼ −300 GeV to achieve a successful muon g − 2. These charginos and neutralinos therefore remain a target for LHC searches. We have again performed a CheckMATE 2.0.11 analysis on these three benchmark points, including all implemented 8 and 13 TeV ATLAS and CMS analyses on chargino and neutralino searches with a light smuon and have verified that the LHC in fact is highly sensitive to this part of the parameter space. Following the procedure described in detail in the previous subsection, we have obtained the results shown in table 6 for all three benchmarks. Contrary to the previous results, now we see that all three benchmark points are consistent with current LHC searches, however BP4 is on the verge of being excluded with a value of r max = 0.88, while BP5 and BP6 both have r max ≈ 0.12 and will require a substantial increase in luminosity to exclude them. The search channels are di-and tri-lepton searches plus missing energy, as before, but since the chargino and neutralino masses are larger, the cross-sections are now lower, as can be seen in table 6 .
Another reason why the sensitivity of the LHC to BP4 -BP6 is lower in comparison to the BP1 -BP3 case is because of the new decay channelχ 0 2 → hχ 0 1 to which the current LHC searches have lower sensitivity. One can see from table 6 that the branching ratio to this channel is substantial (about 50 %), which eventually further lowers the LHC sensitivity. One should also note that BP5 and BP6 represent the region of the parameter space to which the LHC is currently the least sensitive. Nevertheless, with a future total integrated luminosity of about 3 ab −1 , the LHC will be able to probe even these corners of the parameter space with di-and tri-lepton signatures from higgsino production. Moreover, the increase of sensitivity of the DM direct detection experiments by a factor of two, which is expected to take place in the next few years, will independently probe the entire parameter space of the scenario under study. 
Conclusions
In this paper, we have argued that in order to account for the muon anomalous magnetic moment g − 2, dark matter and LHC data, non-universal gaugino masses with M 1 250 GeV < M 2 M 3 at the high scale are required in the framework of the MSSM. We also require a right-handed smuonμ R with a mass around 100 GeV with a small mass gap to neutralinoχ 0 1 to evade LHC searches. The bino-dominated neutralino is a good dark matter candidate due to the presence of the nearby right-handed smuon with which it can efficiently co-annihilate in the early universe. However, the direct detection limits provided by XENON1T provide a strong constraint on this scenario.
We have discussed such a scenario in the framework of an SU (5) GUT combined with A 4 family symmetry, where the three 5 representations form a single triplet of A 4 with a unified soft mass m F , while the three 10 representations are singlets of A 4 with independent soft masses m T 1 , m T 2 , m T 3 . Although m T 2 (and henceμ R ) may be light, the muon g−2 also requires M 1 250 GeV which we have shown to be incompatible with universal gaugino masses at the GUT scale due to LHC constraints on M 2 and M 3 arising from gaugino searches. Therefore, we have allowed non-universal gaugino masses at the GUT scale, which is theoretically allowed in SU (5) with non-singlet F-terms. One should stress that this model is representative of a larger class of such non-universal MSSM scenarios, which can give non-universal masses to left-and right-handed sfermions and which in particular allow a light right-handed smuon with mass around 100 GeV. After showing that universal gaugino masses M 1/2 at the GUT scale are excluded by gluino searches, we have provided a series of benchmarks which demonstrate that while M 1 = M 2 M 3 is also excluded by chargino searches, M 1 < M 2 M 3 is currently allowed. However, there is an unavoidable prediction of our scenario, namely that the muon g − 2 also requires a higgsino mass µ ≈ −300 GeV, which -although consistent with current LHC searches for such higgsino dominated charginos and neutralinos -will be a target for future such searches. Although the wino dominated charginos and neutralinos are expected to be somewhat heavier and the rest of the SUSY spectrum may have multi-TeV masses outside the reach of the LHC, the higgsinos with mass of about 300 GeV cannot escape LHC searches, since they may be pair produced and decay to yield muon-dominated di-and tri-lepton plus missing transverse momentum signatures, which will be fully probed by the planned increase of total integrated luminosity of up to 3 ab −1 . Moreover, the increase of sensitivity of the DM direct detection experiments by a factor of two, which is expected to take place in the next few years, will independently probe the entire parameter space of the scenario under study.
To conclude, if the muon g − 2 turns out to be a true signal of new physics, then in our scenario we expect a right-handed smuon with mass around 100 GeV, with bino dominated neutralino DM a few GeV lighter, and a higgsino mass µ ≈ −300 GeV. The whole such region of MSSM parameter space could be effectively probed in the near future and either discovered or excluded by the combined LHC, relic density and DM direct detection experiments as we have discussed above. 
